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Abstract
Apparentthermalconductivity(k)measurementsweremadeonmonolithicsilicaaerogelsanddividedlow-densityxerogels.The
objectiveofthetestsonmonolithswastodeterminethevariationofkwiththesolidcontent.Additionalcompressivetestswerealso
madetofollowtheevolutionofbulkmoduluswithapparentdensity,inordertofurtheroptimizethesolidcontentofxerogelpar-
ticles.Dividedxerogelswere characterizedunder the followingconditions:atambient conditions (T,P,and relativehumidityof
water vapor in air), under partial vacuum (from atmospheric pressure to 4·10!7bar) and under different relative humidities.
Theeffectofthedividedxerogelgranularityonkhasbeenstudiedbyusingdifferentsizerangeanddistributions.Theresultsofour
studiesindicateanoptimumparticledensityat0.15 gcm!3,andadecreaseinkforsamplescontainingfineparticles.
1. Introduction
The thermal insulating properties of silica aerogels
were one of their first attributes to be studied, as their
effective thermal conductivity is significantly lower than
other standard insulating materials [1]. Their synthesis
through an economically feasible process has neverthe-
less not been achieved, partly because of costs induced
by supercritical drying [2]. The possibility to obtain
low-density xerogels, by evaporative drying of properly
surface-modified gels [3], provides an opportunity to re-
duce the overall processing cost.
In most applications of silica aerogels as thermal ins-
ulants, a divided medium can be used. This form pre-
sents some advantages and drawbacks: it is easier to
synthesize and to use, especially when spaces to insulate
have complex shapes. But if the silica aerogel is used in a
too-finely divided state, handling problems arise because
of the powdery character. An optimum particle size and
distribution must then be determined for these reasons
and also to achieve low apparent conductivity k.
The objectives of the work presented here are firstly
to study the effect of the solid content of the dry gel
on k and on mechanical properties. Secondly, we studied
at room temperature the respective influence of particle
size and distribution, air vacuum, and relative humidity
of water vapor in air (% RH) on the thermal conductiv-
ity of divided xerogel beds.
2. Experimental
2.1. Materials
The silica gels used in this study were made by a two-
step acid/base catalysis process, with tetraethoxysilane
in isopropanol. Gels that were to be ultimately used in
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the divided state were passed through a 5mm screen. An
aging step at 60 !C for 24h was then made, followed by
surface modification with trimethylchlorosilane at 60 !C
for 24h.
Divided gels were dried by evaporation of solvent at
80 !C, and monolithic gels were dried in supercritical
CO2 following a method previously described [4].
2.2. Physical measurements
Two parameters were studied using monolithic sam-
ples: apparent thermal conductivity k and bulk modulus
K. The effective thermal conductivity was measured with
two transient methods: hot-wire [5,6] and hot-disk [7].
Generally, transient techniques are only used with opac-
ified silica aerogels [8] while steady-state methods are
better fitted for samples that have not been opacified
[9]. Previous work on silica aerogels comparable to those
reported on in this study showed by comparison be-
tween hot-guarded plate and hot-wire measurements
that direct radiation within this family of silica aerogel
samples is detrimental with regards to the "low! levels
of temperature used [10].
The effective thermal conductivity of monolithic sam-
ples was measured on cylindrical plates (8mm thickness
and 45mm diameter) using the hot-disk method [11].
The probe diameter and heat power were, respectively
equal to 9.7 or 14.6mm and 0.05–0.1W, while heating
time ranged from 10 to 40s. The value of k was deter-
mined by fitting the thermogram with a unidimensional
heat diffusion model [11], Eq. (1). The heat capacity Cp
of the samples was calculated from the values of dense
silica and air (respectively 0.75 and 1.00Jg!1K!1 at
300K [12]) by a simple weighting rule [13].
DT ðt; x ¼ 0Þ ¼ F 0 1kqCp
! "1=2" #
t1=2; ð1Þ
where DT(t,x = 0) is the temperature increase at the
probe versus time (K); F0 is the heat flow density pro-
vided by the probe (Wm!2); k is the sample thermal con-
ductivity (Wm!1K!1); q is the apparent density of the
sample (gcm!3); Cp is the heat capacity (Jm
!3K!1);
and t is time (s).
The bulk modulus K was determined by nonintrusive
mercury porosimetry, according to the model estab-
lished by Pirard et al. [14].
The other experiments were made on divided xerogel
beds, for which particle size was determined with differ-
ent screen sizes. For these samples, k was measured
using the hot-wire technique [5], with probe length, heat
power, and heating time equal, respectively, to 80mm,
0.05W, and 180s. For the measurements, the probe
was placed vertically in the center of a 60mm diameter
and 200mm height cylinder, filled by the granular parti-
cles, without external load. Unpublished results have
shown that hot-disk and hot-wire techniques lead to
identical thermal conductivity of monolithic samples.
Evolution of k with interstitial air pressure was per-
formed in a partial vacuum chamber from atmospheric
pressure to 4 · 10!7bar. Measurements were made from
lower to higher pressures, with a 2h stabilization be-
tween two successive points. Measurements in humid
atmosphere were made in a chamber with a relative
humidity imposed by a flow of humid air. To accommo-
date sorption equilibration times, samples were let at
least 72h before measurement of the effective thermal
conductivity was made, the latter being performed with-
out gas flow.
3. Results
3.1. Apparent thermal conductivity of monolithic aerogels
To correlate with previously published results [15],
the present apparent densities studied ranged from
0.07 to 0.17gcm!3. The values obtained at room tem-
perature and atmospheric pressure with the hot-disk
method (Fig. 1) are in good agreement with other work
in the literature [16]. A minimum is observed for densi-
ties between 0.10 and 0.13gcm!3 and corresponding
effective thermal conductivities barely vary around
16 · 10!3Wm!1K!1. If one considers the density for
which k is <20 · 10!3Wm!1K!1, the density range then
extends from 0.09 to 0.16gcm!3.
3.2. Bulk modulus of monolithic aerogels
Determination of the bulk modulus (K) was derived
from the relation established by Pirard between the sam-
ple volume and the mercury pressure applied on it [17].
The associated definition is given in Eq. (2):
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Fig. 1. Apparent thermal conductivity for samples with different
apparent densities (dashed line is given as a guide).
KðV Þ ¼ V dP
dV
; ð2Þ
where K is the bulk modulus at volume V (bar); V is the
sample volume (cm3); dV is the variation in volume
(cm3); and dP is the variation in the mercury isostatic
pressure (bar).
Previous work has shown that for sufficient compres-
sion [18], K follows a power law with apparent density q.
The results obtained on samples with different densities
enabled determination of the power exponent to be 3.4
(Fig. 2).
3.3. Particle size distribution and apparent density of
granular xerogel beds
Four different distributions of sample size have been
studied (Fig. 3). The apparent density of the xerogel par-
ticles is close to 0.15 ± 0.1gcm!3, and for the particle
bed, it decreases to about 0.09 ± 0.1gcm!3. The inter-
particle porosity e (ratio between void volume and over-
all volume) is then %40 ± 2%, and samples made of finer
particles tend to be slightly more compact. The disper-
sion in size is 1mm for three samples, the last one being
made of a mix of particle sizes for which the distribution
is shown in Fig. 4.
3.4. Effective thermal conductivity of divided beds at
ambient relative humidity and pressure
The results obtained at atmospheric pressure and
ambient relative humidity (45 ± 5%) are given in Fig. 5.
For each particle size and distribution, the sample holder
was refilled with xerogel before measuring thermal con-
ductivity. In order to avoid a particulate packing effect
on the measurement, values illustrated in Fig. 5 have
been obtained by averaging five measurements.
The effect of particle size and distribution on k can
clearly be observed from the first three samples as illus-
trated in Fig. 5. A 20% drop between 2–3mm and
0–1mm is observed. This tendency is in good agree-
ment with previous published results [19]. It can also
be emphasized that the apparent thermal conductivity
obtained for the 0–3mm sample appears to be very
close to the value obtained for the finest particle size
investigated, that is to say the 0–1mm sample. The
slight decrease observed is not consistent with the evo-
lution of the particle size, and the difference is proba-
bly due to experimental error associated with the
hot-wire technique.
Fig. 2. Bulk modulus (at ln(q/q0) = 0.25) as a function of aerogel
apparent density.
Fig. 3. Photographs of divided xerogels with their respective apparent
density q (gcm!3) and interparticle porosity e.
0
20
40
0             1            2            3
size (mm)
m
as
s 
%
Fig. 4. Particle size distribution of the 0–3mm sample.
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Fig. 5. Apparent thermal conductivity for divided xerogel beds of
different particle sizes and distributions (T = 298K, atmospheric
pressure, and 45% RH).
3.5. Effective thermal conductivity of monolith and
divided beds at partial vacuum pressure
Monolithic aerogels and divided xerogel beds have
been studied under low partial interstitial air pressure
at room temperature. Among the monolithic aerogel
families, the density of the investigated sample
(0.17gcm!3) was selected to be as close as possible to
one of the particulate samples constituting the xerogel
beds (0.15gcm!3). The two divided xerogel beds under
study were selected to present the lowest investigated
apparent thermal conductivity.
If one compares monolithic and divided samples, it
can be clearly seen that the thermal conductivity of the
monolithic sample is significantly lower than one of
the divided beds in the pressure range between atmos-
pheric pressure and 0.2mbar, while the opposite is ob-
served at lower pressures. This very classical result is
agrees with previous published results [20].
If one then focuses on the divided samples, it is pos-
sible to observe that the two divided media show similar
apparent conductivities for <10mbar vacuum whereas
the finer sample (0–1mm) presents slightly lower appar-
ent thermal conductivities between 10mbar and atmos-
pheric pressure. This behavior is probably due to the
fact that the average size of interparticle voids is a bit
smaller because no large particles are present (Fig. 6).
If we now consider that the apparent conductivity of
the xerogel bed is a composition of conduction through
particles and interparticle voids, then it is possible to use
the Knu¨dsen effect to determine their size. In addition to
the experimental curves in Fig. 6, a calculated curve is
shown representing the k as function of pressure for
air trapped in 0.25mm cavities. The values have been
calculated using Eq. (3) [21]:
kg ¼ 0:026
1þ 0:808 TPd
; ð3Þ
where kg is the apparent thermal conductivity of con-
fined air (Wm!1K!1); T and P are the temperature
(K) and pressure (bar), respectively; and d is the charac-
teristic size of the cavity (mm).
The inflection point on the curve for the 0.25mm cav-
ity is located at the same pressure as on the granular
curves. This similarity means that interparticle voids
are in this size range. At pressures <10mbar, the dimi-
nution in k is due to macropores (see the monolithic
sample curve, Fig. 6).
Two classically used Ohm!s models [22] have been
tested to fit the experimental curves, namely the simple
serial and parallel models, Eqs. (4) and (5):
kSerial ¼ kp
e kpkg þ 1! e
; ð4Þ
kParallel ¼ ekg þ ð1! eÞkp; ð5Þ
where kg is the apparent thermal conductivity of inter-
particle air (Wm!1K!1); kg is the apparent thermal con-
ductivity of a xerogel particle (Wm!1K!1); and e is the
interparticle porosity.
To determine the values of kg and kp used to fit the
curves, the following assumptions were made. The inter-
particle air is supposed to be trapped in 0.25mm cavi-
ties, so its contribution as a function of pressure is
given according to Eq. (3) with d = 0.25mm. The xerogel
contribution is taken from the values measured on the
monolithic sample assuming that apparent xerogel ther-
mal conductivity is the same in divided and monolithic
states. The radiative contribution is contained in the
term kp; as determined by Rigacci [23], it should be
%0.002Wm!1K!1.
The curves are calculated with experimental interpar-
ticle porosity (Fig. 3) and represented in Fig. 6. The se-
rial model does not satisfactorily fit the experimental
curves. This lack of fit can be explained by the fact that
at low pressures, where gas conductivity is almost zero,
effective conductivity does not reduce to the radiative
contribution: solid conduction between the particles is
present, which is not considered in the serial model.
The parallel model better approximates the effective
conductivity, because conduction occurs between parti-
cles, independently of the fluid phase.
3.6. Results at different relative humidities
The dry state of granular gel (0–1mm) was obtained
after a 24h period at 120 !C to remove adsorbed water.
The k was then measured by the hot-wire method to be
20.2 · 10!3Wm!1K!1, which is very close to the value
in Fig. 5. At 75% RH (% relative humidity), k increases
to 22.5 · 10!3Wm!1K!1, which represents a 10% rise.
But at 100% RH, k increases to 33 · 10!3Wm!1K!1,
a 60% increase compared to the dry state, whereas the
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Fig. 6. Apparent thermal conductivity from 4 · 10!4 to 1000mbar for
the different samples studied in this work, for air in 0.25mm voids (Eq.
(3)) and for the calculated values to the serial and parallel models (Eqs.
(4) and (5), respectively).
mass uptake of water in the same time is only 5%
(Fig. 7).
4. Discussion
When using the divided xerogel for an application, it
is important that the material have mechanical proper-
ties such that only minor changes occur in its original
characteristics (particle size and distribution, apparent
density), especially during handling. That mechanical
robustness is why a compromise is necessary between
apparent thermal conductivity and mechanical proper-
ties. As shown in Fig. 1, an optimum region is observed
for low k. Concerning the bulk modulus, a monotonic
rise is observed as solid content increases, and it can
be assumed that it is also the case for the other mechan-
ical properties [24]. The fact that the power-law expo-
nent is high and that the low k region is relatively flat
brings us to the following conclusion: when using xero-
gel particles for thermal insulation, it seems advanta-
geous to choose a silica solid content close to
0.15gcm!3.
The thermal conductivity of a granular medium is
influenced by several parameters, such as the volume
fraction of each phase and their characteristic dimension
[25]. The number and nature of contacts between parti-
cles is also influential [20]. In classical granular thermal
insulant media, the continuous phase (most generally
air) has the lowest conductivity. For low-density xero-
gels, this situation can be reversed. The objective then
is to lower the contribution of air to the total conductiv-
ity of the medium, to approach the limiting case of a
monolith. From the results presented in Fig. 5, an influ-
ence of particle size and distribution is clearly present,
but it is difficult to determine which parameter of those
described above has the greatest impact. For the 0–1mm
and 0–3mm samples, no discrimination can be made
according to the k values, which is not the case for meas-
urements made under vacuum. The differences between
these two particulate size ranges are, however, too small
to form definitive conclusions. An interesting observa-
tion is that the effective conductivity of the granular
xerogel media can be relatively well described by a pure
parallel model. If we suppose that this behavior is ob-
served for different sample porosities at ambient pres-
sure, then one can see that the differences observed in
Fig. 5 may not be caused by the interparticle porosity,
e, as the k values vary too much to be attributed solely
to it.
The characteristic size of interparticle voids that was
determined with the partial vacuum measurements can-
not be responsible for the differences observed either, as
the Knu¨dsen effect becomes significant at ambient pres-
sure only in voids smaller than 1lm (in this case the
apparent air conductivity is 20 · 10!3Wm!1K!1).
The results of measurements made at three different
relative humidities raises the question of metrology, as
an artifact could be partially responsible for the large in-
crease observed in saturated atmosphere. The hot-wire
method consists of heating a wire and recording the tem-
perature evolution in the proximity of the heated zone
(Fig. 8). During heating, endothermic desorption of
water occurs on the probe, which acts on the thermo-
couple as if heat was flowing rapidly. This heat flow re-
sults in an overestimated value of k, which is more
important at elevated relative humidity because for a
given heating power, more evaporation can occur. This
phenomenon has been described by Langlais [26], and is
due to the fact that the measurement is transient and low
permeability materials such as aerogels need very long
times to reach equilibrium. Steady-state experiments
are underway to quantify the evaporation effect.
5. Conclusion
The results presented in this work enable us to estab-
lish a compromise with respect to the solid content of a
xerogel in order to maintain a low thermal conductivity
while ensuring sufficient mechanical properties. The
influence of the particle size distribution was shown to
diminish total conductivity by using fine particles. This
effect is not completely explained, but among the con-
trolling parameters, decreased porosity and fewer inter-
particle contacts are certainly the most important. The
results at different relative humidities should be consid-
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Fig. 8. Schematic of the hot-wire method probe.
ered with caution, as an artifact could be responsible for
the large increase in k at saturation.
The presented results in this study can be used to
optimize the performances of divided xerogels used as
thermal insulating materials in applications such as wall
insulation in buildings.
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